Limpets and other molluscs rely on shells to protect them from physical damage, predation, dehydration, etc. If the shell becomes damaged, this may significantly impair its function. In this work, experiments were carried out to investigate the effect of damage on the strength of shells of the common limpet (Patella vulgata) and their ability to repair this damage effectively. Shells were damaged in three ways: (i) low-energy impacts; (ii) abrasion of the outer layer; and (iii) creation of a small hole in the apex of the shell. Shells were left to repair for several time periods (0, 10, 30 and 60 days). The mechanical strength was evaluated by impacting the shells with a weight dropped from a known height. The damage reduced the strength (defined as impact energy to failure) by 50-70% depending on damage type. After 60 days, limpets in all three groups had repaired their shells significantly, bringing their strength to 79-91% of the control value (in each case, samples were statistically indistinguishable from their control counterparts). Measurements of the thickness of the shell at the apex suggest that the main effect of low-energy impact and abrasion is reduction in thickness, which correlates linearly with the impact energy needed for failure. The method of repair is believed to be by the growth of fresh shell material on the inside of the shell, though we could not identify this new material specifically. Even after 60 days, the shells were still statistically thinner than the controls. Consequently, there may be some other strengthening mechanism at work. This work has demonstrated the remarkable ability of limpets to detect the mechanical weakening of their shells caused by relatively subtle forms of damage and to take appropriate action to restore shell strength.
Introduction
Limpet is a very broad term, comprising all aquatic snails with conically shaped shells. The limpets in this study, Patella vulgata, are widespread throughout northern Europe, where they are abundant in the intertidal zones, living potentially for decades. Their widespread success and proliferation can be primarily attributed to their shell, which serves several purposes. Firstly, it allows them to clamp to the rock at low tide to prevent desiccation, using suction forces and adhesives [1, 2] . They also have a tendency to remain in the same spot, ensuring that their shell grows to conform to the rocky substrate, increasing friction and resistance to shear forces [3, 4] . Their shell also helps them to resist predation from other gastropods, seabirds, etc. However, there are plenty of opportunities for shells to become damaged-not primarily from wave action, as limpet shells can resist much larger forces than those produced by waves [5] , but from failed predation attempts [3] . Another important factor is the presence of small debris in the water, such as stones and pebbles. Shanks & Wright [6] found that in areas with large numbers of loose pebbles the population of limpets was much smaller than in similar areas with fewer pebbles. A similar effect was observed by Cadeé [7] with regard to ice scouring and rocks in the Antarctic. This damage typically presents itself as cracks or holes in the apex region of the shell, or at the rim where the shell meets the rocks [7, 8] . This is problematic not just because of increased predation risk but also because of the threat of desiccation at low tide, due to the loss of water through the damaged shell.
Consequently, it is important for long-lived gastropods to be able to repair their shells and it has been known for some time that molluscs are capable of repairing injuries to prevent their death. The presence of these repairs has even been used to determine common predators [5, 9] . These repairs often leave scars on the shell in the form of large protrusions with jagged edges. Blundon & Vermeij [10] found that these scars do not act as fault lines, having little effect on crushing resistance. However, this study only examined fully healed shells, with no consideration for a period of weakness that may have occurred while the repair was being carried out. This is significant as the amount of time it can take for shells to fully repair damage can range from 1 to 4 months [11, 12] , depending on the species and water temperature. Repair usually initiates as an occlusion of the holes or damage site [13] [14] [15] . However, initially this material is easily removed, leaving the shells very vulnerable. Additionally, while this may prevent desiccation, any sort of damage leaves the shells more vulnerable to predation or large waves and debris. Additionally owing to small debris in the water, it is quite plausible that a shell could sustain some damage that does not pierce the shell fully. Whether or not limpets are able to detect such damage and repair it, or the damage persists as a fault in the shell remains an open question.
To date, no systematic study has been carried out to investigate the biomechanics of shell repair in any species. The present study was devised to address the following questions: -To what extent does damage reduce the strength of the limpet shell? -Is the limpet able to repair this damage well enough to return the shell to its original strength? -What is the mechanism of repair? -Does the response vary depending on the type of damage inflicted?
The answer to these questions can serve as a starting point for further investigations into characterizing the biomechanics of these fascinating creatures.
Experimental method
The location of the test site was in the southern part of Dublin bay (coordinates 53817 0 18 00 N; 686 0 42 00 W), as can be seen in figure 1 . There is a solid rock platform with numerous individual boulders, and relatively little sand or small pebbles. There is little human footfall as it is not attractive for recreational activities, and nearby there is a beach which is much more popular with tourists and for water activities.
All tests were conducted during the period AprilNovember 2017. The chosen limpets (Patella vulgata, [16] ) were taken from the intertidal zone, where they had spent approximately half their time submerged. After inflicting damage, and waiting for a chosen repair period, the limpets were removed from the rocks using sharp knives, before removing the animal inside and cleaning the shell and storing it for subsequent testing. In a previous study [17] , we devised a method of impact testing which was also used here (see below). We found that the energy required to cause failure when the shell was impacted on its apex was related to the size of the shell raised to the power of 4.6 [17] . This allowed us to define the impact strength as a normalized energy value independent of shell size, thus
where E n is the normalized energy (MJ m 24.6 ), E is the energy to cause failure and L is the length of the shell (defined as the largest diameter at the rim). The explanation for this scaling law with an exponent of 4.6 is unclear and merits further investigation. The scaling of impact strength is strongly dependent on material and specimen type.
Shells were measured using a vernier calliper. The failure energy of the shells was investigated by dropping a weight of 123 g from a known height onto each shell using a simple apparatus (figure 2) and noting whether failure occurred or not.
Failure was defined as the formation of a hole or crack which penetrated through the thickness of the shell. In almost all cases, this took the form of a hole in the apex (as illustrated in figure 2c), though occasionally cracks formed at the rim. Shell size varied from 23 to 48 mm. Typically, the impact energy was 0.5 J. Shells were tested on a flat stone surface. Our previous study [17] established that impact strength was not affected by removing the shell from its home location, or by removing the animal from the shell. Figure 3 shows a typical dataset from testing, some of the shells failed and the larger ones survived, with a region of overlap. A step function can be defined, as in figure 3 below, indicating a transition from failure to non-failure at some critical length, L crit . The error, 1 i , can be defined as zero if a given point is on the line, and if not as
ð2:2Þ
In this way, by minimizing the sum of the errors, L crit for a particular dataset can be evaluated and from this the normalized energy for failure, E n , can be calculated, allowing comparison between groups. Three different types of damage were investigated. The first consisted of an impact of 0.3 J to the apex of the shell, applied to shells which were sufficiently large that the impact was noncritical (i.e. it did not cause immediate failure). The second type of damage recreated natural abrasion (caused by sand) by using a metal file to remove material from the apex. The final repair case involved the creation of a small hole in or near the shell apex, using a nail (diameter 2.5 mm). In each case, some shells were damaged and immediately collected. Other shells were left and groups collected at the following time points: 10, 30 and 60 days. For the shells with holes, shells were also collected at 63 days. Shell location varied slightly depending on the type of damage. For shells in the impacted and abraded groups, limpets in open locations attached to flat rocks were chosen, the rocks being nearhorizontal for the impacted group. Previous work [17] had found that limpets with holed shells in open locations tended to die quickly, possibly due to dehydration or predation, so in the present study holes were applied to limpets in more sheltered locations, such as in crevices. Fresh undamaged shells were also collected at the same time to serve as controls.
The number of shells in each group is shown in table 1. Shells in all damage groups were subjected to impact testing as described above. In addition, some shells in the abraded, impacted and control groups were sectioned vertically through the apex and polished down using silicon carbide paper to measure the thickness of material at the apex. Thickness was rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180299 measured using both an electronic calliper and a toolmaker's microscope. Samples cut from shells were examined using scanning electron microscopy (SEM), being first sputter coated using an Au : Pd target.
Statistics
Statistical tests (ANOVA, Fishers least significant difference ( post hoc), Scheffé (as samples sizes were not always the same) and unpaired t-tests) were performed where applicable using Excel (Excel 2013) and Minitab (Minitab 18). All values shown are means + s.d., unless otherwise stated. Box and whisker plots show standard quartiles. Data were checked for normality using the Ryan-Joiner test and investigated for outliers using Minitab. All tests were performed at a confidence level of 0.05 unless stated otherwise.
Results
For the abraded groups, none of the animals were lost. For the impacted shells, 6% were lost over the course of the tests, a loss rate we did not consider to be abnormally high. For the shells containing holes, the failure rate was much larger: 50% after 63 days.
Damage repair
The impact strength for fresh undamaged shells was calculated to be 8. . However, when left to repair for 30 days, this had increased to 5.14 MJ m 24.6 . After 60 days, shells were found to be comparable to the control shells, displaying a normalized impact strength of 7.10 MJ m 24. 6 , representing an 86% recovery of the initial strength.
A similar trend was observed for the abraded shells. After abrasion, the strength decreased considerably, to just 2.52 MJ m 24.6 . After 30 days, the shells were repaired such , and holes a few millimetres off the apex reducing strength to 2.8 MJ m 24.6 . These shells were examined at 10 and 30 days, but at these stages there was little evidence of repair, so the shells were left for longer periods. Shells were checked after 63 days.
Most surviving shells did repair (90%), increasing strength back to 6.6 MJ m 24.6 , which was 79% of the undamaged control value (figure 5). Adj ¼ 66%.) This is comparable to a study by Harper et al. [8] , who also found a linear log-log relationship between shell thickness and shell length, as did Cabral & Jorge [5] .
Thickness and deposition
For the impacted shells, the damage made them initially thinner than the fresh shells (p , 0.05), owing to loss of surface material by spalling. However, by 30 days there had been a significant increase in thickness compared with 0 days ( p , 0.05), which corresponds with the increasing impact strength observed. There was no significant change in the thickness between 30 and 60 days ( p . 0.05). However, after 60 days, the shells were still significantly thinner than their intact counterparts ( p , 0.05). As at this point mechanical strength is almost completely restored, this suggests that increasing shell thickness may not be the only mechanism of repair the limpet shells possess. The results for the impacted shells can be seen in figure 6a, with the corresponding increase in impact energy plotted also.
The abraded shells were significantly thinner than their intact counterparts, having lost about two-thirds of their total thickness ( p , 0.05). As with the impacted shells, this thickness increased over time, reflecting the improvement in strength observed. After 30 days, the shells were significantly thicker than immediately after abrasion ( p , 0.05), but little increase in thickness was observed over the next 30 days ( p . 0.05). After 60 days, as with the impacted shells, although the strength had increased until it was almost comparable to the control samples, the thickness of the shells was still statistically less than that of the controls (p , 0.05). These data are presented in figure 6b .
After thickness measurements, many of the same shells were examined in the scanning electron microscope to search for evidence of repair. Figure 7b depicts a shell impacted and investigated after 60 days had passed. There is little to no obvious evidence of repair, with lots of cracking and delamination evident. A large void between the layers is evident, presumably caused by spalling of the material. There is nothing to indicate any repair to the damaged layers, especially at the apex of the shell, suggesting any and all repair must occur on the inside of the shell. In figure 7c , an abraded shell can be observed. There is no evidence of any damage through the thickness of the shell. This once again indicates that all repairs must occur on the inside of the shell. However, in neither case is fresh deposition abundantly clear, suggesting that it may be indistinguishable from normal growth material.
Discussion
The modes of failure observed were the same as those observed by previous researchers [6, 7] , with most shells failing due to the formation of a large hole at the apex. Many empty shells with holes in the apex were observed in the area of the test site, suggesting that hole formation is a large cause of mortality in the species and indicating that the damage presented here is similar to that which occurs naturally. Shells with evidence of repair in them were noted during these experiments (and were described previously by Taylor [17] , Harper et al. [8] , Cadeé [7] , Checa [18] ), indicating that repair is something that happens naturally, rather than as an artefact of our experiments, though the causes are difficult to determine.
Our results show that limpets are very effective at repairing damage to their shells. After 60 days, the impacted and abraded shell strength had been restored to 92% and 83% of the control values, respectively. The process was slower for the shells with holes in them, with shells being restored to 79% of the control strength after 63 days. This longer time scale is presumably due to the greater magnitude of the damage. While the damaged part of the shell may be smaller than in the other cases, it penetrates the whole shell, and the Figure 5 . Examples of shells with holes after 63 days. Left, A shell that has experienced no visible repair. Right, A shell that has begun to occlude the hole site. rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180299 repair process takes longer. Additionally, it is possible that the newly formed occlusion material is washed away by high tides, as it is easily dislodged, causing the limpets to have to begin repair once more. This may explain why some limpets were unable to repair holes even after long periods. Similarly, the apex seems to act as a sacrificial point in the shell [17] , absorbing most of the damage. This is remarkably similar to 'crumple zones' in cars, a structural safety mechanism that serves to absorb, like the apex, energy in an impact, preserving more important structures within. This is supported by the smaller decrease in E n observed when the hole is off the apex. While it is still damaging to the shell, the apex is still somewhat intact. However, in both cases, damage through the shell (i.e. through to the animal) requires extensive repair, even if the area affected may be smaller than for impact damage.
Our results showed an approximately linear relationship between the energy needed for impact failure and the thickness of the shell at the apex ( figure 6 ). This differs from the much stronger effect of limpet size (L) on failure energy, which we previously established to be of the form L 4.6 . The explanation for this scaling law with an exponent of 4.6 is unclear and merits further investigation. The scaling of impact strength is strongly dependent on material and specimen type. This finding merits further investigation, for example using computer simulations. For the abraded shells, the reduced strength was expected to be caused by the reduction in thickness, so this was no surprise. What was not expected was that this also turned out to be the case for the impacted shells. In fact, the relationship between energy and thickness was found to be almost the same for the two groups ( figure 6a,b) . This suggests that the main reason for loss of strength after impact is not the internal damage (visible on figure 7 ) but the reduction in thickness, which occurs as a result of surface compression and loss of material by spalling, both internally and externally. This finding also merits further investigation, to elucidate more systematically the relationship between impact strength, damage and thickness.
The fact that the limpets are able to repair the non-critical impacts and also the damage done by abrasion raises other questions, namely how the animal is able to sense the damage. In neither of these cases is the shell pierced. The limpets could perhaps sense the impact damage due to the internal crack formation, but in the abraded case it remains unclear. The animal may be able to detect increased stress and strain in the shell, both during the damage event and later, as water passes over the shell. This would be a very interesting subject for future work. Additionally, these results could be used to create characteristic finite-element models, similar to those produced by our group [19] to model crack propagation through the shells. This would allow greater insight into how stresses are dispersed throughout the shell at the time of impact.
How the limpets are actually repairing their shells is another question that requires further investigation. The shells become increasingly thicker over time. This suggests that deposition of fresh material could be the repair mechanism. This would make sense, as this is also the manner in which the shells grow, by depositing material on the inside of the shell. It is also a repair mechanism widely observed in other arthropods, such as in insects [20] [21] [22] . However, when viewed under SEM, in neither the impacted nor the abraded case is fresh material evident. But, this could be due to the fact that, as the shell was not completely breached, the limpet did not have to 'plug' the damage, and rather had time to repair by normal, gradual deposition, which would be indistinguishable from normal growth. Given the size of limpets which we examined, they can be assumed to be at least 5 years old. During the repair process, they were able to more than double the thickness of their shells near the apex over two months, which suggests that they were depositing material in this area at a much faster rate than normal. This implies a system of deposition targeted to the appropriate area, involving cells capable of detecting and orchestrating a specialized repair process. But, the continued increase in impact strength compared with controls even as the thickness lags behind does suggest another factor may be at work. The new layers that the animal is depositing could be reinforced in some way, or could have a different crystallographic structure or arrangement of organic layers, such as identified by Suzuki et al. [23] .
The time required for repair varied depending on the type of damage. Abrasion was speedily repaired, being mostly complete after 30 days; after impact damage the strength continued to increase approximately linearly up to 60 days, the end of the test period, and the repair of holes was likewise incomplete even after more than 60 days. This could indicate an inability to withstand multiple blows or predatory attacks occurring over a relatively short time scale of the order of weeks. This might explain the smaller number of limpets observed by Shanks & Wright [6] in areas with lots of very small pebbles rather than areas with many large boulders. In our study, no such comparison could be made, as the sandy area nearby had little to no rocks suitable for limpets to live on, and a large amount of human foot traffic which would dissuade the growth of limpets.
In conclusion, this study has revealed the remarkable ability of limpets to repair damage to their shells. Though previous workers have noted the capacity of these animals to repair through-thickness holes, we have discovered active responses to other, more subtle kinds of damage. We have shown that the limpet is able to sense the reduction in the strength of its shell as a result of external abrasion or lowenergy impacts, and to take action to restore that strength in a relatively short period of time.
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